Pancreatic cancer is a deadly disease killing 37,000 Americans each year. Despite two decades of research on treatment options, the chances of survival are still less than 5% upon diagnosis. Recently, chemopreventive strategies have gained considerable attention as an alternative to treatment. We have previously shown significant in vitro chemopreventive effects with low-dose combinations of aspirin, curcumin, and sulforaphane (ACS) on pancreatic cancer cell lines. Here, we report the results of 24-week chemopreventive study with the oral administration of ACS combinations on the N-nitrosobis (2-oxopropyl) amine (BOP)-treated Syrian golden hamster model to suppress the progression of pancreatic intraepithelial neoplasms (PanIN) using unmodified (free drug) combinations of ACS, and nanoencapsulated (solid lipid nanoparticles; SLN) combinations of aspirin, curcumin, and free sulforaphane. The use of three different doses (low, medium, and high) of unmodified ACS combinations exhibited reduction in tumor incidence by 18%, 50%, and 68.7% respectively; whereas the modified nanoencapsulated ACS regimens reduced tumor incidence by 33%, 67%, and 75%, respectively, at 10 times lower dose compared with the free drug combinations. Similarly, although the unmodified free ACS showed a notable reduction in cell proliferation, the SLN encapsulated ACS regimens showed significant reduction in cell proliferation at 6.3%, 58.6%, and 72.8% as evidenced by proliferating cell nuclear antigen expression. Cell apoptotic indices were also upregulated by 1.5, 2.8, and 3.2 times, respectively, compared with BOP control. These studies provide a proof-of-concept for the use of an oral, low-dose, nanotechnology-based combinatorial regimen for the long-term chemoprevention of pancreatic cancer.
Introduction
Pancreatic cancer is a lethal malignancy with an overall 5-year survival rate of less than 5% making it the fourth major cause of cancer deaths in United States. In 2012, it was estimated that more than 43,920 Americans would be diagnosed with pancreatic cancer, of which 37,390 were expected to succumb to this disease (1) . Early detection is difficult and by the time the disease is recognized, it is often too late to help the patient clinically. The dismal prognosis attributed to its aggressive local invasion, early metastases, and low responsiveness to conventional chemotherapies, indicate that efforts should be directed at developing novel strategies such as chemoprevention to reverse, suppress, prevent, or delay the progression of pancreatic cancer (2, 3) .
Recently, there has also been an increasing interest to use a combination of low doses of several chemopreventive agents that differ in their mode of action and targeting multiple pathways to increase their efficacy with less toxicity. We recently successfully showed the combinations of aspirin, folic acid, and calcium to be effective in the prevention of colon cancer in vitro as well as in vivo in azoxymethane-treated rats when encapsulated in poly-lactideco-glycolide nanoparticles (4, 5) . Subsequently, a new in vitro study conducted in our lab on multiple pancreatic cancer cell lines showed that well-known chemopreventive agents aspirin, curcumin, and sulforaphane when combined and encapsulated in solid lipid nanoparticles (SLN) were able to reduce the cancer cell proliferation more effectively compared with the free forms of the drugs (6, 7) .
Epidemiologic evidence from both in vitro and in vivo studies has shown that inflammation represents an important role in the carcinogenesis of many cancers including pancreatic cancer (8) . The transcription factor NF-kB has been linked with suppression of cell proliferation, invasion, angiogenesis, and metastases in pancreatic cancer (9) . Nonsteroidal anti-inflammatory drugs such as aspirin, nimesulide, sulindac, and indomethacin can significantly affect the development of pancreatic cancer in animal models by targeting inflammatory pathways (10) (11) (12) (13) . This makes it an important target for pancreatic cancer chemoprevention. The mechanisms of action of aspirin have shown to inhibit proliferation, induce G 1 cell-cycle arrest in human pancreatic cancer cell lines, and thereby induce apoptosis. However, the recent epidemiologic studies of aspirin in pancreatic cancer reached conflicting findings suggesting the need for further studies on this drug (14) (15) (16) .
Curcumin (diferuloylmethane) is a bioactive component of the spice turmeric extracted from the rhizomes of the plant curcuma longa. Curcumin has been extensively studied for the numerous biologic activities over the last few decades (17) . Many pharmacologic and clinical studies support the fact that curcumin has chemopreventive and antiproliferative activity against a variety of human cancers including pancreatic cancer (18) (19) (20) . Inhibition of COX-2, cell growth, and induction of apoptosis are the common mechanisms by which curcumin shows its anticancer effects (21) . Recent phase II clinical trials of curcumin (8 g daily dose) in patients with advanced pancreatic cancer showed that oral curcumin is well tolerated and, despite its limited absorption, has biologic activity in some patients with pancreatic cancer (22) .
Sulforaphane, a sulfur-containing isothiocyanate is a major compound found in cruciferous vegetables like broccoli to possess chemopreventive activity (23) . Previous studies suggest that sulforaphane modulates multiple targets, which regulate many cellular activities including oxidative stress, apoptosis induction, cell-cycle arrest, angiogenesis and metastasis suppression, and detoxification of carcinogens (24) . A recent study highlighted the effectiveness of sulforaphane in eradication of pancreatic tumor initiation cells and its ability to potentiate the antitumor effects of the human TRAIL by repression of NF-kB activity (25) .
Nanoparticles are increasingly being used as drug delivery platforms. SLN, a novel nanotechnology-based drug delivery system, has received considerable attention in the last few years as a promising method of delivering drug encapsulated nanoparticles into the body at a controlled release rate. SLNs are characterized by a solid lipid core and stabilized by surfactants. They are generally solid at physiologic temperatures, stable, biocompatible, and biodegradable (26) . Stearic acid, a fatty acid lipid has been commonly used as a raw material for the manusfacture of SLNs. Stearic acid is a U.S. Food and Drug Administration-approved compound with generally recognized as safe approval for use in food products (27, 28) . On the basis of previous studies conducted in our lab (6), we believe that SLNs are extremely suited toward pancreatic cancer chemoprevention. This is due to better control on the release of drugs, significant decrease in renal and hepatic clearance, decreased immune recognition, and increased half lives of drugs. However, the most important feature of SLN especially in the pancreatic cancer chemoprevention is that they are absorbed via the lymphatic circulation thereby increasing the circulation time and bioavailability of drugs (27) . This allows the administration of lower doses with less chances of toxic side effects, while maintaining their chemopreventive efficacy. Thus, for the first time, an SLN encapsulated combined chemopreventive regimen has been used to study the in vivo usage of this regimen in the chemoprevention of pancreatic cancer using the hamster animal model.
The Syrian golden hamster model exhibits many morphologic and molecular features of human pancreatic cancer progression and has commonly been used as an in vivo model in pancreatic cancer studies. Recent reports in literature have used the hamster model to study the effects of porcine pancreatic enzymes in the prevention of pancreatic cancer (29) . Other studies have used the hamster model design for cancer chemopreventive purposes using different drug regimens and for imaging purposes to detect early pancreatic cancer (11, 30, 31) . Pancreatic intraepithelial neoplasia (PanIN) lesions such as the low-grade PanIN1 and PanIN2 develop into more malignant PanIN3 and pancreatic cancer following the administration of a carcinogen BOP, one of the few carcinogens that cause pancreatic neoplasia in rodents (32, 33) . Syrian golden hamsters treated with BOP show a progression from mild hyperplasic lesions (PanIN1) at 8 weeks to papillary hyperplasia (PanIN2) and carcinoma in situ (PanIN3) at 20 weeks after injection (34) . Overall, the hamster model continues to be widely accepted as a viable in vivo model for pancreatic cancer research as reported in recent literature.
Thus, the objective of our research was to use a novel SLN nanotechnology-based oral delivery system to encapsulate a combinatorial regimen of aspirin, curcumin with free sulforaphane (ACS) to evaluate the in vivo chemopreventive effects against N-nitrosobis (2-oxopropyl) amine (BOP)-induced pancreatic carcinogenesis in the Syrian golden hamster model.
Materials and Methods

Animals and reagents
The chemopreventive agents aspirin, curcumin, and sulforaphane were obtained from LKT Laboratories. For the in vivo studies, male Syrian golden hamsters were purchased from Harlan Laboratories. The carcinogen BOP was obtained from Santa Cruz Biotechnology. For the preparation of nanotechnology-based chemopreventive regimens, stearic acid (lipid) and poloxamer 188 (emulsion stabilizer) were purchased from Spectrum Chemicals. Dichloromethane (DCM) was purchased from Fisher Scientific. Proliferating cell nuclear antigen (PCNA) antibody was obtained from Cell Signaling Technology. TUNEL apoptosis detection kit used to detect apoptotic cells was obtained from GenScript.
Hamster study design
The study was conducted on male Syrian golden hamsters, 4 to 5 weeks old with an average body weight of approximately 100 g. All studies were conducted as per protocol approved by the Western University of Health Sciences Institutional Animal Care and Use Committee (Pomona, CA) and conformed to the "Principles of Laboratory Animal Care." Hamsters were observed daily for any signs of illness and weighed weekly throughout the experimental period. Animal health records were maintained according to U.S. Department of Agriculture (USDA) guidelines. The hamsters were administered 5 consecutive weekly subcutaneous injections (35 mg/kg initial dose; 20 mg/kg remaining doses) of the carcinogen BOP to initiate PanIN lesions in the pancreas. All animals were divided into two sets as follows:
Set 1
As indicated in Table 1 , this set consisted of five groups (T1-T5) of hamsters. The treatment groups T3-T5 received three different doses (low, medium, and high) of ACS chemopreventive combination regimen daily via oral gavage. Therapy was started on the day of the initial BOP injection and continued every 24 hours for 24 weeks. Two groups of control animals, saline (T1) and BOP treated (T2), serving as (À) and (þ) controls, respectively, were also included. The highest dose selected for aspirin, curcumin, and sulforaphane regimen was 200, 450, and 16 mg/kg, respectively, which was determined on the basis of current evidence in literature (3, 19, 22, 35, 36) . The medium and low doses were calculated as one third and one tenth of the high dose of chemopreventive agents.
Set 2
On the basis of results obtained from Set 1 studies, a study of drugs encapsulated in nanoparticles was conducted (Set 2; Table 1 ). This set had a total of six groups, three groups (n ¼ 6) served as saline (T6), blank SLN (T7) control groups, and BOP carcinogen group (T8). The other three groups T9-T11 received three different doses (low, medium, and high) of the SLN combination regimens. On the basis of previous studies on cell lines in our lab, the dose for this set was determined to be 10 times lower compared with the unmodified drug regimens in Set 1.
Preparation of solid lipid nanoparticles
SLNs were prepared using a hot melt oil-in-water (o/w) emulsion technique (37) . Stearic acid was used as the lipid to make the nanoparticle formulation. At first, 1 g of stearic acid was melted by heating in a water bath at 70 to 80 C. The drug (100 mg) was suspended in 3 mL of DCM. The suspended drug solution was then added to the melted stearic acid and heated until all the DCM was evaporated. The water phase consisted of 1% poloxamer solution, which was heated to the same temperature as that of the oil phase. The oil phase was then added to the poloxamer solution and the mixture was further sonicated for 5 minutes using an ultrasonicator (Branson) to create an o/w emulsion. The emulsion formed was then cooled and washed with water to remove any impurities. SLNs were freeze-dried (Labconco) and subjected to particle sizing and encapsulation efficiency determination. For the current study, aspirin and curcumin were encapsulated within SLNs, whereas sulforaphane was used in its free, unmodified form. Sulforaphane has been shown to have high absorption potential of approximately 75% from the jejunum and ability to reach micromolar concentrations in the blood. Thus, it was not encapsulated for this project due to its high efficacy (38, 39) .
Histologic examination
All organs of the thoracic and abdominal cavities were carefully examined in situ macroscopically after euthanization. Four anatomical parts of the pancreas (gastric, splenic, duodenal lobes, and head portion) were fixed in 10% phosphate-buffered formalin for 24 hours. The formalinfixed pancreata were cut into small pieces at 2 cm intervals. Of note, 4 mm thick sections were processed routinely and stained with hematoxylin and eosin (H&E). Two independent investigators blinded to sample identity evaluated the sections of pancreas and scored them according to PanIN criteria within the following categories: PanIN1, PanIN2, (40) . Cancer incidence (percentage number of hamsters with pancreatic cancer) and multiplicity (number of pancreatic cancers per hamster) were calculated on the basis of these scores.
Immunohistochemistry
Paraffin-embedded sections of pancreatic tissue were deparaffinized, rehydrated, and heated in citrate buffer (pH 6.0) for 20 minutes for antigen retrieval. Subsequently, 10% normal goat serum blocking buffer was applied. The blocking buffer was removed after 1 hour of incubation in humidified chamber, and primary antibody was added to the slides, incubated overnight at 4 C. The secondary antibody was then added and incubated for 90 minutes at room temperature. PCNA (Cell Signaling Technology) was used as a primary antibody.
Terminal deoxyribonucleotide transferase-mediated nick end labeling staining
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining was conducted using the TUNEL apoptosis detection kit (GenScript) following the manufacturer's protocol. Briefly, 4 um thick formalinfixed, paraffin-embedded tissue sections were deparaffinized and rehydrated. Endogenous peroxidase activity was quenched by hydrogen peroxide and tissue protein was hydrolyzed with proteinase K. Positive control sections were treated with DNase I at 1,000 U/mL and negative control sections were incubated with label solution (without terminal deoxynucleotidyl transferase enzyme). All the other sections were incubated with TUNEL reaction mixture (fluorescein-labeled nucleotides) at 37 C for 1 hour in a humidity chamber, mounted, and observed under a fluorescence microscope.
Evaluation of staining
A minimum of 10 microscopic fields per section were counted manually by two independent investigators blinded to sample identity. For PCNA staining, the nuclear staining in red was considered labeled/positive and nuclear staining in blue as unlabeled/negative staining. For TUNEL assay staining, the nuclear staining in green was considered positive/apoptotic. The proliferative and apoptotic indices were calculated as number of positive cells in lesions divided by the total cell number counted multiplied by 100.
Statistical analysis
The data were expressed as mean AE SE. Differences between treatment and BOP controls were analyzed by ANOVA followed by Dunnett's multiple comparison test. Difference between treatment and BOP controls in PanIN count was analyzed by two-way ANOVA followed by a Bonferroni posthoc analysis using GraphPad prism software. P 0.05 was considered statistically significant.
Results
General observations
All the hamsters were weighed weekly over the 24-week study period to observe for signs of weight loss. Overall the body weight transition curves of all the hamster groups showed a steady gain from start to end of the study period. In set 1, the saline control, BOP carcinogen control, medium-and high-dose ACS groups had a mean body weight of approximately 115 g, whereas the low-dose ACS group showed approximately 102 g at the start of the study. At the end of the study, the mean body weight gain in the range of approximately 20% to 40% was observed, indicating overall good health of hamsters during the study (Fig. 1A  and B) . In the SLN encapsulated ACS regimen (Set 2), at the start of the study, hamsters in all the groups (T6-T11) had a mean body weight of approximately 104 g. At the end of the study, a body weight gain in the range of approximately 30% to 60% was observed, again indicating good health of hamsters during the study period (Fig. 1C and D) . In addition, no statistical difference was found between control group and ACS combination-treated groups as determined by one-way ANOVA followed by Dunnett's multiple comparison test posthoc analysis.
ACS combination regimen significantly inhibits BOPinduced pancreatic carcinogenesis
The chemopreventive efficacy of the unmodified ACS (Set 1) combination regimen was evaluated on the basis of tumor incidence and multiplicity. As shown in Fig. 2A , the BOP-treated group (T2) exhibited tumor incidence of 80% (percentage of hamsters with pancreatic cancer), whereas the low-dose (T3) treatment group had an incidence of 66.6% [P > 0.05; not significant (NS)]; the medium-(T4) and high-dose (T5) ACS groups showed significantly low incidence of 40% (P < 0.05; 50% reduction compared with BOP group) and 25% (P < 0.001; 68.7% reduction), respectively, as determined by histologic analysis. For tumor multiplicity (number of pancreatic cancers per hamster; Fig.  2B ), the T2 group showed a tumor multiplicity of 1.8 AE 0.2, whereas T3, T4, and T5 treatment groups exhibited significantly (P < 0.05) reduced multiplicity of 0.83 AE 0.17 (54% reduction), 0.6 AE 0.24 (67% reduction), and 0.33 AE 0.29 (82% reduction) compared with T2 group, respectively. These results show that the medium and high doses of ACS combination regimen were effective in reducing cancer incidence and multiplicity when compared with the BOP carcinogen-treated control group of hamsters.
In SLN encapsulated ACS regimen (Set 2; Fig. 2C ), the BOP-treated hamster group (T8) exhibited tumor incidence of 100%, whereas the low-dose ACS SLN group (T9) had an incidence of 66.66% (P>0.05; NS), the medium-(T10) and high-dose (T11) ACS SLN groups showed significantly low incidence of 33% (P < 0.01; 67% reduction compared with T8 group) and 25% (P < 0.01; 75% reduction), respectively, as determined by histologic analysis. The BOP control group (T8) showed a tumor multiplicity of 2.3 AE 0.3, whereas low-dose ACS SLN group (T9) showed multiplicity of 1.33 AE 0.7 (P > 0.05; NS), medium-(T10) and high-dose (T11) ACS SLN treatment groups exhibited significantly reduced multiplicities of 0.7 AE 0.67 (P < 0.05; 69% reduction compared with BOP control) and 0.25 AE 0.2 (P < 0.05; 89% reduction), respectively (Fig. 2D) .
ACS chemopreventive regimen delays the progression of PanINs into adenocarcinoma
The isolated pancreatic tissues were subjected to H&E staining and different grades of PanINs were counted upon histologic examination based on an established classification system for pancreatic duct lesions. PanIN1s are flat epithelial lesions composed of tall columnar cells with basally located nuclei or a papillary pseudostratified architecture (41) . Further progression of PanIN1s results in formation of PanIN2s, which are flat or papillary mucinous epithelial lesions with nuclear abnormalities which may include some loss of polarity, nuclear crowding, and enlarged nuclei. Finally, PanIN3s, resulting from PanIN2 lesions are identified as papillary or micropapillary structures characterized with high-grade dysplasia and loss of nuclear polarity indicating development of pancreatic cancer. On the basis of the above criteria and upon histologic examination of H&E-stained pancreatic tissues, PanINs were counted in the pancreatic tissues (Fig. 3A-E) .
As shown in Fig. 3A -E, the highest grade of PanINs in each treatment group was used as a representative image. The saline group, as expected, showed normal pancreatic epithelial cells and ducts (Fig. 3A) , whereas the BOP ( (Fig. 3C ) characterized by enlarged nuclei and nuclear crowding, whereas mediumand high-dose groups were represented by PanIN1 lesions characterized by small, oval shape nuclei and oriented to basal membrane ( Fig. 3D and E) .
In Set 1, the BOP carcinogen group (T2) showed an average of 41 PanIN1, 65 PanIN2, and 105 PanIN3 lesions (Fig. 4A) . In comparison, the unmodified ACS low-dose group (T3) showed an average of 28 PanIN1, 85 PanIN2, and 78 PanIN3 lesions with no statistical significance in treatment compared with the BOP control group. The unmodified ACS mediumdose group (T4) showed an increase in PanIN1 lesion count to 61 but a significant decrease in PanIN2 (38; P < 0.05) and PanIN3 (46; P < 0.001) lesion formation compared with the T2 group. Finally, the unmodified ACS high-dose group (T5) also showed an increase in PanIN1 (97; P < 0.001) lesions with a significant decrease in PanIN2 (34; P < 0.05) and PanIN3 (22; P < 0.001) lesions compared with the T2 (Fig. 4A) . Thus, the efficacy of the medium and high-dose treatment groups were apparent whereby the ACS combination regimens reduced the transformation, and therefore progression, of low-grade PanIN lesions to a higher grade variety, hence potentially arresting the onset of pancreatic carcinogenesis.
In SLN encapsulated ACS regimen (Set 2; Fig. 4B ), the BOP control group (T8) showed an average of 19 PanIN1, 40 PanIN2, and 67 PanIN3 lesions. In comparison, the lowdose ACS SLN group (T9) showed an average of 27 PanIN1, 45 PanIN2, and 59 PanIN3 lesions. The medium-dose ACS SLN group (T10) had 23 PanIN1 lesions (NS; P > 0.05), 18 PanIN2 (NS; P > 0.05), and 17 PanIN3 (P < 0.001) lesions, whereas the high-dose ACS SLN group (T11) also showed a significant decrease in PanIN1 (18; P < 0.001), PanIN2 (10; P < 0.05), and PanIN3 (3; P < 0.001) lesions compared with the BOP control group. Thus, the efficacy of the mediumand high-dose ACS SLN treatment groups was significant.
Inhibition of proliferating cell nuclear antigen expression by the ACS chemopreventive regimen
To evaluate the effect of ACS chemopreventive regimens on tumor proliferation, immunohistochemistry was conducted to measure the expression of cell proliferation markers, PCNA, on pancreatic tissues. The PCNA expression was quantified by PCNA labeling index as described in the Materials and Methods section. Result showed that the PCNA labeling index was significantly lowered by low-, medium-, and high-dose treatment of the unmodified ACS regimens. In comparison, the saline group (T1) showed little or no expression of PCNA. Quantitatively, PCNA expression in the BOP control group (T2) showed an index of 79.2 AE 3.12 (mean AE SEM) in the pancreatic lesions, whereas the low-(T3), medium-, (T4) and high-dose (T5) ACS groups showed Figure 2 . Effect of ACS combination treatment on pancreatic tumor incidence and tumor multiplicity. A and C, tumor incidence is determined by percentage of animals with pancreatic cancer. B and D, tumor multiplicity is calculated as number of pancreatic cancers per hamster. The statistical significance was determined by one-way ANOVA followed by Dunnett's multiple comparison test posthoc analysis. Ã , P < 0.05; ÃÃ , P < 0.01; and ÃÃÃ , P < 0.001 represent statistical significance between BOP carcinogen control and ACS treatment groups.
indices of 45.67 AE 1.99, 29.40 AE 2.04, and 11.25 AE 2.29, respectively, accounting for a significant decrease of around 42.3%, 62.9%, and 85.8%, respectively (P < 0.001).
In SLN encapsulated ACS study (Set 2), quantification of the immunohistochemical stains showed the PCNA labeling index to be 83.67 AE 3.04 (mean AE SEM) in the pancreatic lesions of BOP carcinogen group (T8), whereas the low-(T9), medium-(T10), and high-dose (T11) ACS SLN groups showed proliferation indices of 78.33 AE 4.33 (P > 0.05), 34.67 AE 2.11 (P < 0.001), and 21.67 AE 3.42 (P < 0.001), respectively, accounting for a decrease of around 6.3%, 58.6%, and 72.8%, respectively, compared with BOP carcinogen control (Fig. 5A and B) .
Induction of apoptosis by the ACS combined chemopreventive regimen
TUNEL assay was conducted to determine the effect of ACS chemopreventive regimens on tumor cell apoptosis.
Qualitative microscopic examination of TUNEL-stained sections showed a dose-dependent increase in TUNEL-positive cells in the pancreatic tissue of hamsters treated with unmodified ACS chemopreventive regimens compared with the BOP carcinogen control (T2). The quantification of apoptotic staining showed that the apoptotic index was 13.6 AE 2.09 (mean AE SEM) in the pancreatic lesions of BOP control group. The treatment groups of low-(T3), medium-(T4), and high-dose (T5) ACS regimens showed significantly high apoptotic index of 25.83 AE 1.31 (P < 0.05), 51.4 AE 3.26, and 85.25 AE 3.71 (P < 0.0001), respectively, compared with BOP control group.
In the SLN encapsulated ACS study (Set 2), the quantification of apoptotic staining showed that the apoptotic index was 22.67 AE 2.29 (mean AE SEM) in the pancreatic lesions of BOP carcinogen group (T8). Among the treatment groups, the low-dose (T9) ACS SLN group showed an apoptotic index of 34.67 AE 6.54 (P > 0.05), whereas medium-(T10), and high-dose (T11) ACS SLN regimens showed significantly high apoptotic indices of 64.33 AE 5.24 (P < 0.001; 3 times increase compared with BOP control) and 71.25 AE 5.23 (P < 0.0001; 3.2 times increase compared with BOP control), respectively ( Fig. 5C and D) .
Discussion
Pancreatic cancer has a poor prognosis and low survival rates for patients stricken by this disease. Despite improved treatment modalities during the last decade, there has been little to no substantial improvement in survival rates. This indicates the urgent need for the development of novel strategies against pancreatic cancer. Chemoprevention refers to the use of agents that have the potential to prevent, reverse, suppress, or delay the development of cancer. This may prove to be valuable for individuals who are at high risk of developing pancreatic cancer including people with premalignant lesions and those with known risk factors for the disease.
Previously, no other research group has investigated the combined treatment effects of aspirin, curcumin, and sulforaphane (ACS) on the prevention of pancreatic cancer. In vitro studies conducted in our lab indicated that ACS when combined in low doses significantly inhibited the cell viability and induced apoptosis in human pancreatic cancer cells, both in unmodified (free) and modified (nanoencapsulated) forms (6, 7) . In addition, a novel nanotechnologybased oral drug delivery system first introduced in our lab for the chemoprevention of pancreatic cancer showed initial success in suppressing cancer cell growth (6). Our present in vivo work, stemming from the results of in vitro studies provides continued strong evidence for the successful oral use of SLN-based ACS formulations on the combined chemoprevention of pancreatic cancer.
The major objective of this study was to assess the efficacy of a combined regimen of chemopreventive agents by targeting multiple pathways, thereby minimizing toxicity and other side effects. Recent results from our lab showed that ACS combinations can induce apoptosis in MIA PaCa-2 and Panc-1 pancreatic cancer cells through activation of the extracellular signal-regulated kinase (ERK1/2) signaling system and inhibition of NF-kB pathway mechanisms (7) . In the present study, unmodified aspirin was used in combination with curcumin and sulforaphane at a dose range of 20 to 200 mg/kg and was shown to be effective in suppressing the progression to pancreatic cancer. More importantly, SLN encapsulated aspirin was used at 10 times lower dose compared with unmodified aspirin (2-20 mg/kg). A study conducted by Li and colleagues showed that intravenous liposomal curcumin (40 mg/kg, 3 times per week for 20 days) suppressed pancreatic carcinoma growth in murine xenograft model and inhibited tumor angiogenesis (42) . From an oral dosing standpoint, curcumin has low bioavailability therefore high doses of curcumin are usually needed to achieve significant antitumor effect. Kunnumakkara and colleagues showed that an oral dose of 1 g/kg curcumin was able to enhance the antitumor activity of gemcitabine in an orthotopic mouse model (35) . For this study, we used a daily oral dose range of 45 to 450 mg/kg unmodified curcumin and 4.5 to 45 mg/kg SLN encapsulated curcumin, which are considerably lower than doses used in previous studies.
In the case of sulforaphane, Kuroiwa and colleagues have shown that sulforaphane, alone as a single agent, was able to inhibit pancreatic carcinogenesis at 80 mg/kg in hamsters (36) . In comparison, our studies used sulforaphane dose at a range of 1.6 to 16 mg/kg in hamsters thereby reducing the effective dose by 40% to 80%. Overall, the lower chemopreventive doses chosen for this study showed significant efficacy upon being combined leading to a significant decrease in pancreatic cancer progression.
The formulation strategy for pancreatic drug delivery is challenging due to the relative inaccessibility of this organ. The overall intent of chemoprevention implies oral delivery to be the most optimal route of delivery of these agents as dosing has to occur over prolonged time periods with low to no toxicity. There is considerable evidence showing that SLNs carry most of the drugs through the lymphatic system and drain into the systemic circulation near the jugular vein hence avoiding presystemic first pass metabolism (27) . It is noteworthy that the ACS regimen in SLN formulations showed a greater efficacy at one tenth of original dose when Set 1) . B, the PanIN count in modified ACS SLN treatment (Set 2). Statistical significance was determined by two-way ANOVA followed by a Bonferroni posthoc analysis. Ã , P < 0.05; ÃÃ , P < 0.01; and ÃÃÃ , P < 0.001 represent statistical significance between BOP carcinogen and ACS treatment.
compared with its unmodified form therefore providing strong proof-of-concept for the use of SLN-based nanotechnology formulations on the chemoprevention of pancreatic cancer. The possible reasons might be attributed to the enhanced permeation and retention effect of the lipid nanoparticles (43) . Also, the lymphatic uptake of SLNs may have avoided the first pass metabolism thereby allowing more drugs to reach the blood circulation making them effective at lower concentrations (44) . In clinical use, this might address the possible bioavailability and dose-related toxicity issues of these chemopreventive agents, for example, gastrointestinal irritation caused by aspirin. Aspirin can be given at low doses in combination to avoid the side effects associated with it when given individually. A recent clinical trial on curcumin usage for pancreatic cancer showed that an 8 g daily dose of curcumin, despite being well tolerated, was effective only in some patients with pancreatic cancer. This is possibly due to bioavailability issues associated with curcumin (22) . In such cases, use of an SLN delivery system of this drug or in combination with other drugs at low doses would assist in reducing the effective daily dose in patients thereby lowering chances of toxicity. In this study, both aspirin and curcumin were encapsulated within SLNs using a modified oil-in-water emulsion method using stearic acid as the lipid and poloxamer 188 as the surfactant. As stated earlier, sulforaphane was not formulated as nanoparticle preparations owing to its higher potency at low doses of unmodified forms. The encapsulation efficiency for both aspirin and curcumin was found to be approximately 78% and 66%, respectively. The high encapsulation of these drugs can be attributed to the lipophilic nature of both aspirin and curcumin, which makes it possible to be encapsulated within the lipid matrix of the stearic acid in SLNs. The particle sizing for aspirin and curcumin SLNs was found to be 169 AE 53 nm and 223 AE 79 nm, respectively. PCNA is considered as a positive marker for proliferation because it is expressed in the nuclei of cells during the DNA synthesis phase of the cell cycle (45) . Recent evidence suggests that PCNA is at the center of many essential cellular processes, such as DNA replication, repair of DNA damage, chromatin structure maintenance, chromosome segregation, and cell-cycle progression (46) . Overexpression of PCNA or increased cell proliferation has been associated with a variety of gastric cancers including pancreatic cancer (47, 48) . Our studies showed an increased expression of PCNA in the BOP-treated hamsters indicating the intense cellular proliferation, whereas the chemopreventive ACS combination significantly decreased this expression as seen via immunohistochemical analysis.
An imbalance in the levels of proliferation and apoptosis may result in deregulated tissue growth and cancer. Inability of a cell to undergo apoptosis in response to an apoptotic signal is a hallmark in pancreatic cancer (49) . In addition, defective apoptosis signaling is the underlying cause of failure to respond to the current treatment approaches for pancreatic cancer because cytotoxic therapeutic agents depend on induction of apoptosis in cancer cells to be effective (50) . In our study, use of the TUNEL assay on the pancreatic cancer tissues showed a dose-dependent increase in apoptosis when using the ACS-combined regimen. Thus, both the PCNA and apoptotic indices studies provide convincing evidence of the efficacy of the novel chemopreventive regimen in delaying pancreatic carcinogenesis. Our recent publication provides new information on possible mechanisms of action for ACS regimens on pancreatic cancer cells through sustained activation of the ERK1/2 signaling system and downregulation of P-Akt kinase, an attractive target for cancer prevention and treatment (7).
In conclusion, novel strategies are warranted in the fight against pancreatic cancer as it is evident that very little progress has been made in this area during the past decade, despite newer and better treatment modalities to combat cancers. Our combinatorial treatment approach shows higher efficacy at considerably lower doses potentially minimizing toxicity and other side effects, as evidenced from our results. Moreover, studies on the development of SLN and its efficacy in the Syrian golden hamster model show the feasibility of delivering the drugs into circulation. These results provide strong proof-of-concept of the potential of chemoprevention using low-dose drug therapy regimens to suppress, reverse, or delay the progression of this otherwise fatal disease. Overall, the clinical relevance extends to the use of the novel ACS nanotechnology regimen for chemoprevention of pancreatic cancer in patients with high risk and those with premalignant lesions.
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